Abstract. 2014 The behavior of bubbles and blisters in aluminum during 10 keV He+ ion irradiation at 573 K was investigated. Processes of the evolution of surface damage were clarified using an in-situ electron microscope observation system. The difference among irradiation effects obtained by three kinds of experiments at room temperature was examined using both 15 keV H+2 and 12 keV He+ ions.
In-situ observation of damage evolution in aluminium irradiated with H and He ions S. Furuno(1), K. Hojou(1), H. Otsu(1), K. Izui (2) , N. Kamigaki(3), K. Ono (4) 15, 1993) Abstract. 2014 The behavior of bubbles and blisters in aluminum during 10 keV He+ ion irradiation at 573 K was investigated. Processes of the evolution of surface damage were clarified using an in-situ electron microscope observation system. The difference among irradiation effects obtained by three kinds of experiments at room temperature was examined using both 15 keV H+2 and 12 keV He+ ions.
The obtained results were interpreted by difference in the production rate of vacancies introduced by gas implantation and different mobility of these two ions in aluminum.
Microsc. Microanal. Microstruct. 4 [1, 2] . We developed an in-situ observation system consisting of a 100 kV electron microscope linked with a 10 kV ion accelerator in 1986 [3] .
We observed dynamic behavior of helium bubbles in aluminum during 10 keV He+ ion irradiation at various temperatures and following annealing using this equipment [4] .
The dynamic growth behavior of hydrogen bubble in aluminum during 10 keV Ht ion irradiation and the shrinkage of the bubbles during following annealing were also observed. The binding energy between vacancy and bubble was estimated to be about 0.4 eV from the shrinkage behavior of the bubbles [5] .
For the radiation damage of fusion reactor materials, dual-ion beam irradiation is more desirable, because various ions are simultaneously impinging to the surface of the wall from the plasma gas.
Article available at http://mmm.edpsciences.org or http://dx.doi.org/10.1051/mmm:0199300402-3032300
In order to clarify the main factors influencing on bubble formation and its growth, we performed dual-ion beam irradiation experiments using an 400 kV electron microscope combined with two sets of 40 kV ion accelerators [6] . It was found that vacancy production rate and gas injection rate were important factors to determine the bubble nucleation, its number density and size [7] .
This paper reports the results of in-situ observation of bubbles in aluminum during 10 figure 1 . The ion beam is mass-selected through a magnet and then introduced in the horizontal direction into the specimen chamber of the electron microscope. Inside the specimen chamber the beam is deflected downward by an angle of 72° with the electrostatic prism so as to be incident on the specimen surface at this angle, as shown in figure 2. The In-situ observation system during dual-ion irradiation consists of JEM-4000 FX type electron microscope linked with two sets of 40 kV ion accelerators. The angle of the mass-selected ion beam is 60° to the specimen surface, as shown in figure 3 .
Results of in-situ observation during ion irradiations were recorded using VTR through TV camera and TV monitor. All of these ions almost stop within the aluminum foil of about 20 nm in thickness, which was calculated from the TRIM-code [7] . The irradiations were performed at room temperature. figure 4i to k. These blisters burst, as hole expansion proceeded. 13s, f) 3h 4m 22s, g) 3h 4m 25s, h) 3h 4m 29s, i) 3h 4m 29s, j) 3h 4m 31s, k) 3h 4m 33s, and 1) 3h 4m 34s.
Bubbles were formed throughout the specimen, and then seemed to move gradually toward the surface with bubble growth. When bubbles grew up near the surface, then they contacted with each other, as shown in figure 4d . As the irradiation proceeds, implanted helium Figure 5 (1) shows the results of Ht and He+ dual-ion irradiation. Bubbles were formed within 5 minutes and then grew gradually. Figure 5 (2) shows the results of Ht ion irradiation after He+ ion preirradiation. During pre-irradiation (Fig. 5 (2) (a) and (b) ), bubbles grew slowly, but during Ht ion irradiation, bubbles grew large as iridicated with arrows in figure 5 (2) (d) . Figure 5 (3 figure 5 (3) (d) .
The difference among the observed results is considered to be mainly due to a difference in the production rate of point defects produced by 15 keV Ht and 12 keV He+ ion irradiations and the different mobility of hydrogen and helium atoms injected by irradiations in aluminum. The ratio of the production rate due to 12 keV He+ ion and 7.5 keV H+ ion was estimated to be about 10: 1 from the results of TRIM-code calculations [7] . In the case of He+ ion irradiation, the number of vacancies which acts as trapping sites for helium atoms is large, as shown in figures 5 (2) (a-b) . If the gas atoms trapped in vacancies migrate by vacancy mechanism and encounter with each other to form di-gas atoms trapped in vacancies, they act as stable nuclei for bubbles. The number of nuclei for bubbles becomes large. The amount of gas atoms supplied for each nuclei in the process of ion irradiation decreases. Consequently helium bubbles increasè in number density and decrease in size.
On the other hand, in the case of Ht ion irradiation, as shown in figures 5 (3) (a-b) , a large fraction of hydrogen atoms will escape away from the surface, because the number of irradiationinduced vacancies is very small. Furthermore, the implanted hydrogen atoms are highly mobile, even if they are trapped in vacancies [5, 9] . As the surface of thin specimen acts as strong sink for hydrogen atoms, the number of hydrogen atoms will decrease. Accordingly the production of di-hydrogen atoms trapped in vacancies is lower. In spite of low concentration of hydrogen atoms, the amount of hydrogen atoms supplied for each bubble will increase, because of high mobility of hydrogen atoms and low concentration of bubbles. Consequently hydrogen bubbles with very small number density can grow large.
During Ht ion irradiation after He+ ion irradiation, as shown in figure 5 (2) (d) Only on some hydrogen bubbles formed by pre-irradiation, helium bubbles seem to increase in size by absorbing hydrogen atoms from hydrogen bubbles.
In the case of dual-ion irradiation, an average production rate of vacancies is larger than that in H2 ion irradiation and less than in the He+ ion irradiation. An average mobility of gas atoms mixed with hydrogen and helium atoms is larger than that of helium atoms and less than that of hydrogen atoms. Therefore, the number density of bubbles is smaller than that in He+ ion irradiation and larger than that in Ht ion irradiation, and the size of bubbles is larger than that in He+ ion irradiation and smaller than that in Ht ion irradiation. 4 . Conclusion.
In-situ observation disclosed dynamic behavior of bubbles during helium ion irradiation of aluminum.
1) Bubbles grow uniformly in the initial stage, and then suddenly burst away. 2) After this first stage of exfoliation, underlying bubbles grow to larger bubbles, which suddenly disappear again by burst. These processes occur repeatedly during irradiation, resulting in the successive erosion of the surface layer.
From the results of dual and successive ion irradiation experiments, the following conclusions were obtained:
1) Bubbles grow gradually during dual-ion irradiation.
2) In the case of Ht ion irradiation after He+ ion irradiation, small bubbles with large number density are formed during pre-irradiation, and the growth of bubbles is remarkable during following irradiation.
3) In the case of He+ ion irradiation after Ht ion irradiation, large bubbles with extremely small number density are formed during pre-irradiation, and the small bubbles are newly formed with large number density during following irradiation. The difference among bubble formation and growth depending on the mode of irradiation is considered to be mainly due to a difference in the production rate of point defects produced by Ht and He+ ion irradiations and the different mobility of hydrogen and helium atoms injected by irradiation in aluminum.
